The morphology and dendritic distribution of terminals that synapse onto a type of large-field ganglion cell in the retina of the goldfish are described. Electron microscopy was combined with retrograde labelling of cells with horseradish peroxidase (HRP), Synapses from both amacrine (four types) and bipolar cells contacted the dendrites (all orders) of these cells. In contrast to a recent report describing the synaptic organization of large-field ganglion cells in the catfish (Sakai et al., '86), the synapses were relatively evenly distributed throughout the dendritic arbor, not clustered at discrete sites, and no presynaptic specializations were seen in the dendrites of the ganglion cells.
Ganglion cells in the retina receive synaptic inputs from two distinct classes of cells, whose presynaptic terminals are identifiable. Amacrine cells form conventional synapses, like those seen elsewhere in the brain, and bipolar cells form ribbon synapses (Dowling and Boycott, '66) . Recently, Sakai et al. ('86) reported two novel findings concerning the synaptic connections of large-field ganglion cells in the catfish. First, the synaptic inputs onto these cells were clustered at regularly spaced sites on the dendritic arbor, and second, a t these sites the dendrites formed presynaptic, chemical synapses onto other processes. These results suggest that identifying ganglion cell dendrites by routine EM may be problematic, and further study of the synaptic connections of ganglion cells is needed.
The morphology and the dendritic distribution of terminals that synapsed onto a type of large-field ganglion cell (Type 1.2; see Hitchcock and Easter, '86) in the retina of the goldfish were determined. The dendrites of this cell stratify in the outermost sublamina of the inner plexiform layer (IPL), and presumably give an off-center excitatory response to light (Famiglietti et al., '77) . The dendritic growth of Type 1.2 cells has been described as well (Hitchcock and Easter, '86) .
The Type 1.2 ganglion cells received contacts from ribbon terminals and four distinct forms of conventional terminals. These synapses were relatively dispersed throughout the dendritic arbor, and there was no evidence that the dendrites of the ganglion cells studied here were presynaptic to other processes. Some of these data have been presented in an abstract (Hitchcock, '87) .
keep the retina flat during the subsequent steps. The fixative was cold 2.5 % glutaraldehyde/2.0% paraformaldehyde in 0.08 M Sorensen's phosphate buffer, pH 7.0. After fixation the retinas were rinsed for 30 minutes in buffer and processed for HRP histochemistry according to the Adams ('77) protocol using 3-3'-diaminobenzidine. These procedures produced good fixation for electron microscopy and dendrites extensively filled with the HRP reaction product (e.g., see Fig. 6A,B) . Following the HRP reaction the retinas were remounted, photoreceptor side down, onto glass slides and coverslipped with phosphate-buffered glycerine (9 parts buffer: 1 part glycerine).
The goal of the labelling technique was to fill only a few isolated cells with HRP; this occurred about half of the time.
(No isolated cells were found on the other occasions.) Cells well filled with HRP, of the appropriate type (Type 1.2; see Hitchcock and Easter, '86) , were photographed and traced at 1, OOOX magnification using a light microscope and a drawing tube. Small blocks of tissue, each containing a single filled cell, were cut out of the retina, rinsed in buffer, post fixed in 0.5% osmium tetroxide in 0.1 M phosphate buffer, pH 7.2, for 1 hour at room temperature, and stained en bloc in 2% uranyl acetate in 0.05 M maleate buffer, pH 6.0, overnight in a refrigerator. Each block was then dehydrated in alcohols, and embedded in Polybed 812 between two plastic coverslips. The dendritic arbor of the cell and the outline of the block were then traced by using a drawing tube. These drawings were used to orient and trim the blocks for thin sectioning. The cells could be visualized in the osmicated blocks if the illumination of the light microscope was maximum and the field aperture almost closed. The blocks were then removed from between the coverslips and recast in the cap-end of a Beem capsule.
One-half-micron-thick sections were cut tangential to the retinal layers, and the dendritic arbor of the HRP-filled cell, until the outer one-third of the IPL was reached, then serial thin sections (gold interference color) were collected on onehole, formvar-coated grids. The dendritic arbors of the cells were generally contained within about 150 thin sections. On average less than 5% of the sections were lost during sectioning, Sections were stained with Reynold's lead citrate.
With an electron microscope (EM: Philips 300 or 400) a low-magnification photomontage of every fifth thin-section through the dendritic arbor was produced. A 1 in 5 series was chosen because individual synapses would not appear in more than one photomontage and, since the diameter of the dendrites is generally greater than 0.5 pm, every HRP-filled process would be inspected at least once. Using the photomontages as guides, the sections were systematically scanned a t 3 , 5 0 0~ magnification, and when an HRP-filled dendrite was encountered it was identified on the photomontage and inspected for the presence of synapses at 12,500 x magnification. The type of synapse encountered was registered on the photomontage a t the site where it synapsed onto the HRP-filled dendrite. Selected synapses were photographed and printed at a final magnification of 32,00CL37,000. Using the collection of photomontages the dendritic position of each synapse was determined and registered at its equivalent position on the tracing of the cell made with the light microscope. Positioning synapses on the proximal dendrites was unambiguous since the dendrites were large, their contours in thin sections matched that seen a t the light level, and branch points and the location a t which the dendrites joined the soma served as constant landmarks (see Fig. 6A ,B). The locations of synapses onto P.F. HITCHCOCK the distal dendrites were determined by reconstructing the dendrites by tracing them (and their synaptic inputs) from each low-magnification montage onto a sheet of tracing paper as an intermediate step, then registering the synapses onto their equivalent positions on the light microscopic tracings of the cell.
RESULTS

Terminal morphology
The results from six cells are described below. All were of the Type 1.2 originally described by Hitchcock and Easter ('86) . All are from the region of the retina where the ganglion cells have mature dendritic arbors (Hitchcock and Easter, '86) . The Type 1.2 cell is characterized by a large soma, large dendritic field, thick proximal dendrites, and a dendritic arbor that is unistratified within the outermost layer of the inner plexiform layer (outer sublamina a). This latter feature was a distinct advantage in that relatively few thin sections needed to be cut to include the entire dendritic arbor, and much of the arbor was contained within each thin section. Three of the cells had somata that were "displaced" into either the inner nuclear layer, or into the IPL. The dendritic fields of Type 1.2 cells form territorial domains, so as to completely cover the retina with their processes (Hitchcock, '87), and removal of any one, whatever the location of its soma, results in an obvious gap (Hitchcock, unpublished observations; Vaney, '87) . For this reason, cells with somata not in the ganglion cell layer were not regarded as separate types.
HRP-filled processes were identified by their electron density, dark mitochondria, and the flocculent HRP reaction product that decorated the microtubules (Figs. 1-5; Marshak et al., '88) . Also, the dendritic cytoplasm appeared to be somewhat disrupted, containing vacuoles and regions vacant of cytoplasm, perhaps a result of the HRP reaction.
Conventional synapses were identified a t sites where the pre-and postsynaptic membranes were parallel, more widely spaced than other apposed membranes, and (at least) several vesicles were in close proximity to the presynaptic membrane (see Dubin, '70) . Ribbon synapses were identified by the presence of the membrane specializations described above, and the presence of a ribbon organelle surrounded by a halo of synaptic vesicles. It is assumed that conventional and ribbon synapses arise from amacrine and bipolar cells, respectively (Dowling and Boycott, '66; Witkovsky and Dowling, '69) , and they are referred to as such. Four types of terminals from amacrine cells (Table 1) were distinguished based upon their electron density, density of synaptic vesicles, and types of intracellular organelles. Figure 1 illustrates the most commonly encountered terminal that contacted an HRP-filled dendrite. These terminals were pleomorphic, usually contained mitochondria, had a variable density of synaptic vesicles, and were relatively electron lucent. Their average diameter was 1.2 pm with a range of 0.5-2.2 pm (n = 25). Figure 2 illustrates the second most frequently observed terminal. They were relatively electron dense (similar in electron density to the bipolar terminals; see below), had a high density of synaptic vesicles, and only rarely contained mitochondria. Their average diameter was 1.1 pm with a range of 0.5-1.5 pm (n = 25). Since these terminals had an electron density and density of synaptic vesicles similar to the bipolar terminals (see below), it was possible that these were small bipolar terminals in which the synaptic ribbons were out of the plane of the section. However, nine of these terminals were inspected in serial sections, and none contained a ribbon organelle. These terminals were not traced to their cells of origin, and it remains possible that they were bipolar terminals that did not contain synaptic ribbons (see '74) . Figure 3 illustrates an example of a terminal that contained densecored vesicles. Although terminals containing dense-cored vesicles were frequently seen, only 10 were observed to synapse onto the cells studied here. Figure 4 illustrates an example of the least frequently encountered terminal that contacted an HRP-filled dendrite. These synapses were in large, electron lucent, microtubule-rich processes, which were oriented tangentially within the IPL, similar to the HRP-filled dendrites. These processes were often apposed to the HRP-filled dendrites for several microns, and formed discrete en passant synapses onto them. Figure 5 illustrates the morphology of the bipolar terminals that synapsed onto the Type 1.2 cell. These terminals were relatively electron dense and contained densly packed Fig. 2 . EM photomicrograph of a synapse from an amacrine cell onto an HRP-filled dendrite. This type of terminal was the second most commonly encountered. It was characterized by its relatively high electron density, high density of synaptic vesicles, and relative lack of mitochondria (see also Fig. 5 ) . Arrowheads mark the region of the presynaptic specializations. Scale bar = 1 Wm. synaptic vesicles. Both large and small terminals synapsed onto the HRP-filled profiles (see Fig. 5 ); however, synapses from large terminals were seen more frequently. A common feature of the laree terminals was the close amosition of t h e naptic processes were filled with HRP. The number and relative frequency of each type of terminal that synapsed onto t h e cells studied here is illustrated in Table 1 .
I I
pre-and postsynaptic membranes ( Fig. 5 ; also see Figs. 9A,B). In general, the HRP-filled dendrites were one of a Dendritic distribution of synapses pair of postsynaptic processes; the other process generally contained synaptic vesicles, presumably belonging t o a n amacrine cell. Infrequently, within the large bipolar terminals, two ribbon synapses would contact a n HRP-filled dendrite a t different locations, separated by the width of t h e terminal. No synapses were observed a t which both postsy- Figure 6a illustrates a light micrograph of an HRP-filled, Type 1.2 cell in the wholemount, and Figure 6B illustrates a n EM photomicrograph of a thin section through the dendritic arbor of this cell. Figure 7 illustrates a light microscopic drawing of the cell illustrated in Figure 6 , and the location of the synapses from amacrine and bipolar cell ter- Fig. 3 . EM photomicrograph of a synapse from an amacrine cell onto an HRP-filled dendrite. This type of terminal only rarely synapsed onto the cells studied here. It was characterized by the presence of densecored vesicles (marked with arrows). Arrowheads mark the region of the presynaptic specialization. Scale bar ~ 1 fim minals that contacted it. Figure 8 illustrates another cell and the location of its synaptic inputs. Some of the cells studied here had a few beaded dendrites. Rather than being sites of synaptic contact, it was discovered that the swellings were vacant of cytoplasm and organelles, and it is assumed that these dendrites were degenerating at the time of fixation.
Inspection of Figures 7 and 8 shows that numerous terminals from amacrine and bipolar cells synapsed onto the dendrites of each of the ganglion cells. Both types of cells synapsed onto all orders of dendrite, as well as onto dendritic appendages. The dendritic location of the three minor types of conventional synapses (Table 1) was variable. In general, the electron-dense terminals were found throughout the arbor, whereas the terminals containing dense-cored vesicles and the en passant synapses were found on distal dendrites. None of these synapses, however, were systematically located a t particular sites in the arbor, e.g., branch points. For the cells illustrated in Figures 7 and 8 , n o bipolar synapses were seen on the primary dendrites; however, the primary dendrites of other Type 1.2 cells received bipolar synapses. No synapses were seen to contact the somata, or Fig. 4 . EM photomicrograph of a synapse from an amacrine cell onto an HRP-filled dendrite. These synapses, in large, electron lucent, microtubule-rich processes made en passant contacts, and were infrequently seen. Arrowheads mark the region of the presynaptic specialization. Scale bar = 1 Wm.
regions of the proximal dendrites as they descended from the ganglion cell layer into t h e distal TPI, (see also West and Dowling, '72) . T h e synapse from a n amacrine cell that appears to end on the perikaryon in Figure 8 synapsed onto the primary dendrite lying below the soma. Figures 7 and 8 also show that synapses from the amacrine and bipolar cells are both intermixed and distributed relatively evenly throughout the dendritic arbor.
Synapses appeared t o be more numerous on the proximal dendrites. This probably reflects two factors. First t h e sampling methods used here were more likely to detect synapses on thick dendrites, which, in contrast to thin ones, appear in many sections, and second, thin dendrites, due to their smaller surface area, presumably received fewer synapses per unit length than thick ones. As a result, those thin dendrites distally located in the arbor appear relatively synapse free. No differences were seen in the types and distribution of synaptic inputs onto cells whose somata were located in the ganglion cell layer or displaced into the inner nuclear layer. On average, 104 amacrine and 36 bipolar synapses were observed to contact each cell. Given that conventional synapses and the ribbon organelles average about 0.2 Frn in Fig. 5 . EM photomicrograph of a synapse from a bipolar cell onto an HRP-filled dendrite, The hipolar terminals were in general large, densely filled with vesicles, and relatively electron dense. The small, filled arrow marks the ribbon organelle. The open arrow indicates a second synapse from a bipolar cell, in a small terminal, ending on the HRI'-filled dendrite. The large arrow indicates the location of a conventional synapse contacting the HRP-filled dendrite. This terminal was relatively electron dense and contained a high density of vesicles, similar to that described in the Results (see also Fig. 2 ). Scale bar ~ 1 pm.
length (Hitchcock, unpublished observations) , each should appear in 2-2.5 consecutive sections (assuming that the sections are approximately 0.09 pm thick). Since every fifth section through each cell was inspected for synapses, Type 1.2 cells in a 3-4 inch goldfish should receive roughly 200-250 synapses from amacrine cells and 70-100 synapses from bipolar cells. Figure 9A ,B illustrates an artifact t h a t was consistently seen in this study; electron-dense processes t h a t were not labelled with HRT'. Figure 9A shows a low-magnification EM photomicrograph of several electron dense and HRPfilled processes. Figure 9B is a high-magnihcation photomi crograph of the area outlined in Figure 9A . These cells were not seen in the retinal wholemounts, even though they had a n electron density that was sometimes equal t o t h e HR1'-filled ones. T h e presence of these cells was initially misleading; however, they had an obviously different appearance from those cells filled with H R P (see above). They had uni- Fig. 6 . A. Light photomicrograph of a n HRP-filled, Type 1.2 ganglion cell in a retinal wholemount. B. Low-magnification EM photomicrograph through the proximal dendrites of t h e cell illustrated in A. Similar symbols indicate common locations in the dendritic arbor seen a t the light and EM levels, respectively. Scale har = 50 pm and 18 pm in A and B. respectively. formly electron-dense cytoplasm, electron lucent mitochondria, and an orderly arrangement of their microtubules. Similar electron-dense profiles have not been seen in routine EM preparations (Hitchcock, unpublished observations) . These cells did not contact the HRP-filled ganglion cells studied here, and Marshak et al. ('88) , using similar histological techniques, did not observe any transneuronal labelling of neurons presynaptic to HRP-filled ganglion cells, thus suggesting that the electron-dense cells illustrated in Figure 9 were not diffusely filled with the HRP reaction product. Hoaever, treatment of an unlabelled retina according to the Adams ('77) protocol with 3-3'diaminobenzidine (see Methods) did not stain any of these cells. What type of cell these are and the reason for their appearance remain in question.
DISCUSSION
The Type I .2 cell received inputs from bioplar cells and four different forms of amacrine cells. An inference is that the different conventional terminals were from different "Electron lucent, pleomorphic terminals. hValues in parentheses curre5pond to the population of amacrine cell synapses only. 'Electron-dense terminals. dTerminals that contained dense cored vesicles 'En passant synapses types of amacrine cells. No attempt was made to confirm this, and the possibility remains that more or fewer than four types of amacrine cells contact a given Type 1.2 cell. The neurochemical identity of these terminals is also unknown (however, see Muller and Marc, '85) , with the exception that those terminals that contained dense-cored vesicles were probably peptidergic (Marshak et al., '84; Pickel,  '85; Yazulla et al., '84, '85) . In contrast to the terminals from amacrine cells, the hipolar terminals were more uniform in their appearance. They were generally large, relatively electron dense, cont.ained several mitochondria, had a high density o f vesicles, and formed dyadic synapses onto an H R Pfilled dendrite and another unlabelled process. By virtue of the distal location within the IPL of the dendrites of the Type 1.2 cell, t.he hipolar terminals t h a t contacted them were probably from one of the type "a" bipolar cells described by Ishida e t al. ('80) .
Assuming that both types of synapses were sampled similarly, these data suggest that the ratio of amacrine to bipolar (.ell input onto these cells was ahout 3:l (Tahle 1). Recently, Marshak e t al. ('88) quantified the proportion of synaptic inputs onto the dendrites of ganglion cells in the goldfish. They found that the overall ratio of amacrine to bipolar inputs onto ganglion cells was about 16: 1. Together, these data suggest that the ratio of amacrine to hipolar cell inputs onto individual ganglion cells varies widely (see also West and Tlowling, '72) .
Synapses from both amacrine and hipolar cells were distributed relatively evenly throughout the dendritic arbors of the T y p e 1 .Z cells (see Results). LJsing similar techniques, Freed and Sterling ('88) showed that the hipolar synapses onto large-field (alpha) ganglion cells in the cat were clustered, hut these clusters were derived from individual terminals that, on average, made multiple contacts. The terminals themselves were evenly distributed throughout the denrJrit.ic arhor. Synapses from amacrine cells onto alpha intermingled with the bipolar synapses (Freed and Sterling, '88 ; see also Watanabe e t al., '85).
The results from the goldfish and cat are in marked contrast to that reported by Sakai e t al. ('86) for large-field ganglion cells in the catfish; synapses near the soma were dispersed along the dendrites, but beyond ahout 1 0 0 pm from t h e soma, groups of 3-7 (amacrine and bipolar) synapses were grouped a t discrete sites separated by about 100 pin of synapse-free dendrite. Similar t o what was seen in the catfish, cells in the goldfish had synapse-free segments of dendrite; however, there were virtually no sites at which the synapses appeared to form discrete clusters. (The one except,ion, illustrated in the lower right-hand corner of the cell in Fig. 8 , was a site where three contacts were made by a single terminal.) T h e clustering of synaptic contacts onto ganglion cells in the catfish may be related to the fact that the dendrites of these cells are presynaptic to other processes within the IPL. Sakai e t al. 1'86) showed that at the clusters of input synapses, the dendrites of the large-field ganglion cells formed output synapses. A common feature of' neurons with presynaptic dendrites is that the output synapses oft,en form reciprocal connections with the terminals of the input synapses, and together they cluster at discrete sites on the dendritic arbor ( e g , Dowling and Boycott, '66; Hamos e t al., '85; Rall e t al., '66; Muller and McMahon. '76; Ralston, '71 ) that are distant or, perhaps, electrically isolated from other clusters of input/out,put synapses. Although Sakai et al. ('86) did not observe any reciprocal synapses, the clustering of input synapses in :~ssociation cells were dispersed throughout the dendritic arbor and with output synapses i s a consistent finding.
Presynaptic specializations were not seen in the dendrites of Type 1.2 cells (see also Marshak et al., '88, who used similar techniques) . This difference may be methodological; cells densely filled with the HRP reaction product were selected for in the present study (see also Marshak et al., '88). Sakai et al. ('86) noted that the presynaptic specializations could be seen only in dendrites lightly filled with the HRP reaction product. An obvious caveat is that in the present study any presynaptic specializations may have been obscured, or the disruption of the dendritic cytoplasm by the HRP reaction (see above) may have scattered the vesicles that would be used to identify synaptic contacts. However, the dispersed distribution of synapses onto the dendritic arbor of ganglion cells in the goldfish may serve as circumstantial evidence for the lack of presynaptic dendrites in these cells (see above). Consistent with this, Sakai et al. ('86) found that the synaptic inputs onto small-field ganglion cells in catfish were not clustered, and the dendrites of these cells formed no synaptic outputs.
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